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The SCID but Not the RAG-2 Gene Product
Is Required for Sm–Se Heavy Chain Class Switching
Antonius Rolink, Fritz Melchers, and Jan Andersson on activated, but not resting, helper T cells (Armitage
et al., 1992a, 1992b; Graf et al., 1992; Noelle et al., 1992;Basel Institute for Immunology
Castle et al., 1993; Roy et al., 1993). It is one of severalPostfach 4005 Basel
essential molecules involved in the cognate interactionsSwitzerland
of major histocompatibility complex (MHC) class II–
restricted helper T cells with B cells (Schriever et al.,
1989; Clark, 1990; Klaus et al., 1994). Defects in CD40Summary
ligand and CD40 expression suggest that CD40–CD40
ligand interactions are essential for helper T cell–We have investigated the capacity of precursor B cells
dependent IgH chain gene class switching (Spriggs etfrom normal (BDF1) and V(D)J recombinase–deficient
al., 1992; Armitage et al., 1993; Van den Eertwegh et al.,(RAG-2T) or defective (SCID) mice to be induced by
1993; Kawabe et al., 1994).a CD40-specific monoclonal antibody and IL-4 to eH
Antibodies specific for CD40 can mimic the functionchain genetranscription and to Sm–Seswitch recombi-
of the CD40 ligand. They can activate resting B cells,nation. In differentiating precursor B cells from all
stimulate their proliferation and immunoglobulin pro-three strains of mice, the development of similar num-
duction (Clark and Ledbetter, 1986; Paulie et al., 1989;bers of CD191, CD231, CD401, and MHC class II1 ex-
Jabara et al., 1990; Banchereau et al., 1991; Zhang etpressing B lineage cells and similar levels of eH chain
al., 1991), induce cellular adhesion (Valle et al., 1989;gene transcription were induced. Efficient Sm–Se
Barrett et al., 1991; Klaus et al., 1994), and activateswitching occurredin normal and RAG-2-deficient, but
expression of nuclear factor kB (Berberich et al., 1994)not in SCID, precursor B cells. Thus, the transcription
and phosphorylation of a series of intracellular proteinsof the eH chain is independent of the RAG-2 and the
(Uckun et al., 1991; Knox and Gordon, 1993; Faris etSCID gene product, while the Sm–Se switch recombi-
al., 1994). Moreover, anti-CD40 or anti–CD40 ligand cannation requires the SCID gene–encoded DNA-depen-
rescue immature B cells (Tsubata et al., 1993) as welldent protein kinase, but not the RAG-2 protein.
as germinal-center B cells from apoptosis (Holder et al.,
1993).
T cell–derivedcytokines enhance proliferation and im-
Introduction munoglobulin production of anti-CD40-stimulated B
cells (reviewed by Snapper and Mond, 1993). When IL-4
The molecular mechanisms involved in class switching is added, IgE and IgG1 (mouse)and IgG4 (human) produc-
are largely still undefined. Switching results from a re- tion is increased. Hence, targeting of the switch recom-
combination event between repetitive (so-called S re- bination is influenced by cytokines (reviewed by Snap-
gion) sequences located 59 of the Cm gene and 59 of per and Mond, 1993), as it can also be by other ligands
the downstream CH gene to which switching is targeted provided by external stimuli (mitogens) or by internal cell
(reviewed by Lutzger et al., 1988; Esser and Radbruch, cooperation (Bottaro et al., 1994). Induction of switch
1990). Switch recombination deletes the Cm gene and recombination is preceded by transcriptional activation
all intervening sequences upstream of the targeted CH of the target heavy chain gene (Stavnezer-Nordgren et
S region. Targeted recombination also occurs when vari- al., 1985; Blackwell et al., 1986; Lutzger et al., 1988;
able (V), diversity (D), and joining (J) segments are re- Berton et al., 1989; Esser and Radbruch, 1989; Sideras
arranged during B lymphocyte development to form a et al., 1989; Jumper et al., 1994), suggesting that switch
functional immunoglobulin H (IgH) or L chain gene (To- regions might have to be opened to become accessible
negawa, 1983). V(D)J recombination is defective in SCID to switch recombination (Stavnezer-Nordgren and Sirlin,
mice and deficient in RAG-1 and RAG-2 mutant mice 1986; Yancopoulos et al., 1986; Reaban and Griffin,
(Bosma et al., 1983; Mombaerts et al., 1992; Shinkai et 1990).
al., 1992). In this paper, we investigate the contribution In this paper, we monitor the anti-CD40/IL-4-induced
of the RAG-2 gene and of the defective DNA-dependent development and stimulation of CD191/c-kit1 precursor
protein kinase (DNA-PK) associated with theSCID muta- B cell (pre-B-I cells), isolated ex vivo or grown on stromal
tion (Blunt et al., 1995) in the switch recombination pro- cells and IL-7 in vitro (Rolink et al., 1991), to more mature
cess of mouse B cells. stages of B lymphocyte developmentby theappearance
To do so, we stimulated differentiating B lineage pre- and disappearance of surface markers, the induction of
cursor cells from normal, V(D)J recombinase–deficient, transcription of the eH chain gene locus, and the Sm–Se
and SCID mice with a newly developed mouse CD40– switch recombination. An assay has been developed
specific monoclonal antibody and interleukin-4 (IL-4) to that allows the quantitation of B cells with switched H
more mature stages of B cell development. CD40 is a chain loci (Chu et al., 1992).
cell surface glycoprotein expressed on B lymphocytes, In the absence of IL-7 and the presence of anti-CD40
follicular dendritic cells, and some epithelial cells. It is and IL-4, pre-B-I cells from normal, RAG-2T, and SCID
a member of the tumor necrosis factor receptor family mice develop to stages at which the eH chain locus is
of proteins (Stamenkovic et al., 1989; Smith et al., 1990; transcribed. However, Sm–Se switch recombination is
Du¨rkop et al., 1992; Torres and Clark, 1992). The ligand only found with precursor B cells from normal and V(D)J
recombinase–deficient mice, and not with those fromfor CD40 is gp39, a membrane glycoprotein expressed
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SCID mice. Hence, mouse B cells can undergo switch In the presence of IL-4 alone or together with MAb
FGK45, but not in their absence or in the presence ofrecombination when the H chain locus is still in germline
configuration without the involvement of the RAG-2 FGK45 alone, B cells were induced to up-regulate CD19
and CD40 expression. Moreover, the combination ofgene product, but require the DNA-PK associated with
the SCID mutation. MAb FGK45 and IL-4 induces the expression of CD23
and MHC class II (Figure 1A). In the presence of IL-4 or
MAb FGK45 alone, the induction of surface IgM (sIgM)Results
and surface kL chain (sk) expression (10%–20% of all
recovered cells at day 6) was not influenced, while theA monoclonal antibody (MAb) FGK45, with specificity
expression of sIgE was undetectable. In contrast, add-for mouse CD40, was generated in a rat as described
ing the combination of MAb FGK45 and IL-4 resulted in ain Experimental Procedures. The MAb acts on spleen
population of B cells of which, in repeated experiments,cells of normal (C57Bl/6 3 DBA/2)F1 (BDF1) as well as
between 30% and 80% expressed very low levels ofathymic nu/nu mice, as it has been described for other
sIgM and normal levels of sk, mainly associated withMAbs with specificities for mouse or human CD40
eH chains.(Banchereau et al., 1991; Hasbold et al., 1994). Together
We have previouslyshown that CD191/CD45R(B220)1/with IL-4, the MAb FGK45 induces proliferation of spleen
c-kit1 pro-B cells are present in fetal liver and bonecells, transcription of the eH chain gene locus, Sm–Se
marrow of RAG-2T mice in elevated numbers and thatswitching, and the secretion of IgE (data not shown).
these cells can be established in tissue culture on stro-Here we describe the effects of MAb FGK45, alone
mal cells in the presence of IL-7 as long-term proliferat-or in combination with IL-4, on in vitro differentiating
ing cell lines (Grawunder et al., 1995). Just as with pre-precursor B cells from normal BDF1, V(D)J recombinase– B-I cell lines from normal mice, removal of IL-7 from thedeficient RAG-2T, and SCID mice. These precursor B
cultures induces their differentiation, detectable as ancells are either generated in long-term proliferating pro/
induction of the expression of CD25, the down-regula-pre-B-I cell cultures (Rolink et al., 1991) or are isolated
tion of c-kit expression, the induction of transcription ofex vivo as pro/pre-B-I cells. Their differentiation to pre-
the kL chain gene locus, and the induction of apoptosis,B-II (pre-B-II-like) and immature B (immature B–like)
concomitant with a loss of the capacity to proliferatecells is induced in vitro by the removal of IL-7 from tissue
on stromal cells in the presence of IL-7. Here, we haveculture.
used a bcl-2 transgenic RAG-2T pre-B cell line, which
does not undergo rapid apoptosis upon removal of IL-7.
Stimulation of B Lineage Cells Developing As with precursor B cells from normal mice, CD40 was
In Vitro from Pre-B-I Cell Lines of BDF1, expressed at low but FACS-detectable levels in differ-
RAG-2T, and SCID Mice entiating RAG-2T pre-B cell cultures in medium alone
Long-term proliferating pre-B-I cell lines can be estab- or in medium containing the MAb FGK45 (Figure 1B).
lished on stromal cells in the presence of IL-7 from CD40 expression was found to be up-regulated in the
CD191/CD45R(B220)1/c-kit1 cells of bone marrow and presence of IL-4 alone and especially in the combination
fetal liver of BDF1, RAG-2T, and SCID mice. Addition of with MAb FGK45 (Figure 1B). As with normal precursor
MAb FGK45 with or without IL-4 to pre-B-I cells prolifer- B cells, CD19 expression was not influenced by the
ating on stroma in the presence of IL-7 did not influence MAb FGK45, while IL-4 and the combination of IL-4
pre-B-I cell proliferation, nor did it induce differentiation and FGK45 up-regulated this expression. Moreover, the
as determined by cell surface staining and fluorescence- induction of CD23 and MHC class II expression was
activated cell sorting (FACS) analyses (data not shown). only observed with the combination of FGK45 and IL-4
Removal of IL-7 from the BDF1 pre-B-I cell lines in the (Figure 1).
absence of MAb FGK45 and IL-4 inducedtheir differenti- As seen above with differentiating B lineage cells from
ation to c-kit2/CD251 pre-B-II cells and to sIgM1sIgD2 normal mice, the differentiating B lineage cells from
immature B cells. It also up-regulated the expression of RAG-2T mice were apparently not induced to strong
CD40 on the pre-B-II and immature B cells (Figure 1A). proliferation by MAb FGK45 and IL-4, since the number
We then tested MAb FGK45 in the presence or absence of cells initially seeded in culture increased about 2-fold
of IL-4 for its capacity to stimulate proliferation, eH chain during the culture period.
gene transcription, and switching to IgE in the differenti- As with pre-B cell lines from normal and RAG-2T mice,
ating precursor and immature B cells. No influence on removal of IL-7 from precursor B cell lines of SCID mice
the cell recovery was observed when IL-4 or MAb FGK45 induced differentiation, which was detectable as an in-
alone was added to cultures, whereas 2- to 4-fold more duction of the expression of CD25, the down-regulation
cells could be recovered from those cultures that con- of c-kit expression, and the induction of transcription
tained the combination of MAb FGK45 and IL-4. This of the kL chain locus (Grawunder et al., 1995). Owing
indicates that proliferation of cells by MAb FGK45 and to the bcl-2 transgene, no rapid induction of apoptosis
IL-4 was not induced in a predominant part of the cells was observed. Upon culture in the absence of IL-7 and
and was not induced to an extent that could be compa- in the presence of MAb FGK45 and IL-4, cells undergo
rable with that observed with mature Bcells of the spleen phenotypic changes similar to those observed with nor-
(see Experimental Procedures). The number of spleen mal BDF1 or RAG-2T precursor B cells, i.e., an up-regula-
cells stimulated for 5 days with MAb FGK45 and IL-4 tion of the expression of the mature B cell marker CD23
increased approximately 20-fold in culture (data not and MHC class II on these SCID-derived precursor B
cells (Figure 2A). As seen in Figure 2A, this SCID pre-Bshown).
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Figure 1. Induction of Differentiation in Nor-
mal and RAG-2T Pre-B Cells by Anti-CD40
plus IL-4
FACS analyses of a BDF1-derived (A) and a
RAG-2T-derived (B) stromal cell/IL-7-depen-
dent pre-B cell line cultured for 6 days in me-
dium alone, in the presence of 10 mg/ml anti-
CD40 (FGK45), in the presence of 100 U/ml
IL-4, or in the presence of 10 mg/ml anti-CD40
plus 100 U/ml IL-4. Cells were stained for
CD19, CD23, CD40, MHC class II (all lines),
sIgM, surface kL chain (sk), and sIgE expres-
sion (BDF1 only). Since we used biotinylated
antibodies revealed with streptavidin–PE for
theseanalyses, the control (0) indicates back-
ground staining with streptavidin–PE only.
Expression of CD40 is sometimes observed
even in the absence of stimulatory ligands,
particularly when survival of the cells is en-
hanced by the presence of a bcl-2 transgene.
FACS anaylses of ex vivo sorted CD191/
c-kit1 bone marrow cells cultured with anti-
CD40 and IL-4 for 6 days under the same
conditions are shown at the bottom of (A)
and (B).
cell line cultured in medium alone already expresses to the SCID defect, since it is also observed in other,
but not all, pre-B cell lines, provided they are transgenicCD40 levels similar to those obtained after stimulation
with anti-CD40 plus IL-4. This phenomenon is not due for the bcl-2 transgene used here.
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Figure 2. Induction of Differentiation in SCID Pre-B Cells by Anti-CD4 plus IL-4
(A) FACS analyses of a SCID-derived stromal cell/IL-7-dependent pre-B cell line. Cells were cultured and stained as described in the legend
of Figure 1. FACS anaylsis of ex vivo sorted CD191/c-kit1 SCID bone marrow cells cultured with anti-CD40 and IL-4 for 6 days under the
same conditions are shown at the bottom.
(B) Expression of sIgE on RAG-2T cells. This is obtained when 6 day differentiated RAG-2T cells are incubated for 60 min with a culture
supernatant of 6 day differentiated normal BDF1 cells.
Stimulation of Primary B Lineage Cells of the bcl-2 transgene expressed in the RAG-2T and
SCID pre-B cell lines cannot be excluded. For theseIsolated Ex Vivo
Although many of the properties of pre-B-I cells are reasons, we then sorted CD191/c-kit1 pro-B/pre-B-I
cells from bone marrow of normal BDF1, RAG-2T, andpreserved when they are kept as long-term proliferating
cell lines on stromal cells, in the presence of IL-7 for SCID mice and cultured them for 6–7 days on stromal
cells in the absence of IL-7, i.e., under differentiatingweeks and months in culture, it cannot be excluded that
they undergo changes that are not detected but might conditions. Again, the expression of c-kit was lost and
the expression of CD25 was gained on differentiating Bcontribute to controls of gene expression and heavy
chain class switching. Moreover, a possible contribution lineage cells from normal, RAG-2T, and SCID mice (data
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Figure 3. Induction of eH Chain Transcripts
in Normal, RAG-2T, and SCID Pre-B Cells
Northern blot analyses of RNA isolated from
pre-B cell lines of BDF1 (normal [A]) as well as
Em–bcl-2 transgenic RAG-2T and SCID mice
(B). Normal pre-B cells were cultured for 6
days in the presence or absence of IL-4, anti-
CD40 (FGK45), or the combination of anti-
CD40 andIL-4, as described in Figure 1. RAG-
2T and SCID pre-B cells were cultured in the
combined presence of anti-CD40 and IL-4, or
in their absence, under the same conditions.
Northern blots were performed as described
in Experimental Procedures using 15 mg of
total RNA per lane. Blots were probed with
a 32P-labeled e-specific probe. Probing the
same filter with a b-actin-specific probe (B)
indicated that similar amounts of RNA were
loaded into the different lanes. The ratios of
band intensities of eH chain mRNA compared
to b-actin mRNA, quantitated in a phospho-
imager, were the same within a factor of 2 for
normal BDF1, RAG-2T, and SCID cells.
not shown). When cultured in medium alone, FACS- Transcription of the eH Chain Gene Locus
Transcription of the eH chain gene locus was induceddetectable CD40 expression was only induced in cells
from normal, and not from RAG-2T or SCID mice (data within 6–7 days of culture in the differentiating pre-B
cells from normal BDF1, RAG-2T, and SCID mice, butnot shown).
Cells were treated for 6–7 days with MAb FGK45, IL-4, only when MAb FGK45 and IL-4 were present together
as costimuli (Figure 3). As can be seen in Figure 3, atand the combination of these and tested for cell surface
marker expression (Figures 1A, 1B, and 2A). The com- least two transcripts were detected on the Northern
blots developed with a Ce-specific probe. We have notbined action of anti-CD40 and IL-4 induced in cells from
all three mouse strains a similar number and proportion investigated the structures of these transcripts here, but
it is likely that they represent alternative splice productsof cells with increased CD23 expression. A similarly high
proportion of cells was induced to up-regulate CD40 of the eH chain gene locus described previously by oth-
ers (Rothman et al., 1990; Zhang et al., 1992; Xu et al.,expression. We take these results as an indication that
cell from normal, RAG-2T, and SCID mice differentiate 1993; Bottaro et al., 1994). The eH chain gene transcripts
detected in normal and RAG-2T pre-B cell lines wereto a similar extent in these cultures. In repeated experi-
ments, between 20% and 70% of the normal cells dis- comparable in quantity, indicating that V(D)J recombi-
nase–competent and deficient pre-B cells can be in-played IgE on their surface, as has been seen with differ-
entiating cells from normal pre-B cell lines (Figure 1A). duced by the costimulatory action of the CD40-specific
MAb and IL-4 to transcribe the eH chain locus with com-To address the question of whether sIgE expressed
on the large proportion of normal pre-B cells stimulated parable activities. However, pre-B cells from SCID mice
revealed a 2- to 3-fold smaller amount of eH chain geneby anti-CD40 plus IL-4 is cytophilically acquired owing
to the CD23 expression or is actually produced by the transcripts relative to that of b-actin.
cells themselves, we performed the following experi-
ment. Pre-B cells from normal and RAG-2T mice were
cultured in parallel in the absence of IL-7 and in the Sm–Se Switching in Pre-B Cell Lines and Ex
Vivo Sorted Pre-B Cellspresence of MAb FGK45 and IL-4. After 6 days, the
differentiated RAG-2T cells were incubated for 60 min The IL-7 stromal cell–dependent pre-B cell lines from
normal BDF1, RAG-2T, and SCID mice were induced toat 378C with the culture supernatant of the differentiated
normal pre-B cells. sIgE1 cells could nowbe detected on differentiate by the removal of IL-7 and stimulated by
anti-CD40 and IL-4. After 6 days, we tested DNA of thea large fraction of the stimulated RAG-2T cell population
incubated with medium conditioned by the stimulated cells for the presence of Sm–Se-switched H chain gene
loci, employing the digestion–circularization polymer-normal cells, but not with medium alone or medium from
the stimulated RAG-2T pre-B cells (Figure 2B). ase chain reaction (DC–PCR) developed by Chu et al.
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normal as well as RAG-2T cells stimulated with both
MAbFGK45 and IL-4 could be diluted to around 0.05–0.2
ng in the DC–PCR assay before the positive signal was
lost (Figure 4B). This would indicate that the Sm–Se-
switched recombination can be detected in DNA from
15–60 cells from both normal and RAG-2T mice. How-
ever, it is unlikely that the DC–PCR reaction is 100%
efficient, so a higher number of cells can be expected
to contain switched H chain gene loci. In fact, DNA
isolated from a Sm–Se-switched hybridoma could also
be diluted to around 0.5 ng in the DC–PCR assay be-
fore the positive signal was lost. Thus, it is likely that
the majority of normal and RAG-2T pro-B/pre-B cells
stimulated with anti-CD40 and IL-4 underwent Sm–Se
switching.
Sorting of CD231 and CD232 cells developed for 6
days in the cultures of normal pre-B cells stimulated
with anti-CD40 and IL-4 revealed Sm–Se switching only
in the CD231, and not in the CD232, population of cells
(data not shown).
In parallel experiments, CD191/c-kit1 pre-B/pre-B-I
cells were isolated ex vivo from normal BDF1, RAG-
2T, and SCID bone marrow. The cells were induced to
differentiate in vitro for 6 days in the presence of anti-
CD40 and IL-4 and then assayed by DC–PCR for Sm–Se-
switched H chain loci. The results are shown in Figures
5A and 5B. They confirm the results obtained with the
pre-B cell lines, showing that switching is induced in
normal and RAG-2T cells by anti-CD40 and IL-4, and
indicate that the switched loci can be detected in as
little as 0.75 ng of DNA from both cells.
The costimulatory action of anti-CD40 and IL-4 also
induced Sm–Sg1 switch recombination in differentiating
normal and RAG-2T pre-B cells (data not shown). The
extent of switching, the kinetics of the reaction, and the
molecular relationships of Sm–Sg1 to Sm–Se (as well as
Sg1–Se) switching are presently being investigated in
detail.
Severely Reduced Sm–Se Switching
Figure 4. Switch Recombination to eH in Normal, RAG-2T, and SCID in Differentiating Pre-B Cells
Pre-B Cell Lines Cultured in the Presence of Anti-CD40 and IL-4 for from SCID Mice
6 Days As was done with normal and RAG-2T pre-B cells and
(A) DC–PCR assay for switch recombination to eH as well as control pre-B cell lines, the stimulated SCID cell lines and ex
PCR on 50 ng of genomic DNA from the cells cultured under various vivo cells were tested by DC–PCR for the presence of
conditions.
Sm–Se-switched H chain gene loci (Figures 4, 5A, and(B) Semiquantitative DC–PCR for switch recombination to eon geno-
5B). No Sm–Se-switched H chain gene loci were detect-mic DNA diluted in a constant amount of DNA from 3T3 fibroblasts.
Conditions of culture were the same as described in the legend of able using 25 ng and smaller amounts of DNA from anti-
Figure 1. For details, see Experimental Procedures. CD40- and IL-4-treated SCID-derived pre-B cells. Sm–Se
The semiquantitative DC–PCR for switch recombination to e was switching of SCID pre-B cells was investigated with two
performed on genomic DNA of the differentiated cells. The PCR
pre-B cell lines a total of six times. Sm–Se-switched DNAproducts (upper part) were Southern blotted and probed with an
was found only three times and only when 50 ng of DNAinternal oligonucleotide from the membrane exon region of eH (lower
was used for the DC–PCR assay (and not with less DNA)part), as described by Xu and Rothman (1994). A product of 550 bp
is expected in this nested DC–PCR reaction (indicated by the arrow). (shown for one cell line in Figure 4B). Therefore, Sm–Se
switch recombination occurs in differentiating anti-
CD40/IL-4-stimulated SCID precursor B cells at least
100- to 250-fold less efficiently than in normal or RAG-(1992) for g1 switching and adapted by Xu and Rothman
(1994) for e switching. 2T precursors.
We conclude from these experiments that the RAG-2Sm–Se-switched H chain gene loci were detectable in
differentiated cell lines from both normal and RAG-2T gene product appears not to be required for Sm–Se
switch recombination. We also conclude that the SCIDmice, but only when the cells were stimulated by both
MAb FGK45 and IL-4 (Figure 4A). DNA isolated from mutation does not impair the anti-CD40/IL-4-stimulated
H Chain Class Switching in RAG-22/2 but Not SCID B Cells
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BDF1 and RAG-2T pre-B cells contained Sm–Se-
switched H chain gene loci. Assays for a part of these
hybridomas are shown in Figure 6.
By contrast, none of the hybridomas generated with
anti-CD40/IL-4-stimulated pre-B cells from SCID mice
contained Sm–Se-switched H chain gene loci. These re-
sults support the conclusions reached with the pre-B
cell lines and indicate that switch recombination is im-
paired by the SCID mutation.
Finally, DNA from the hybridomas obtained with pre-B
cells from normal BDF1, RAG-2T, and SCID pre-B cells
was analyzed by Southern blotting for the presence of
Sm–Se-switched H chain gene loci. The Southern blot-
ting from three normal, two RAG-2T, and nine SCID
hybridomas is shown in Figure 6B. The three normal
and two RAG-2T hybridomas, which are positive for
Sm–Se switching in DC–PCR analyses, also showed re-
combination at the Ce locus, while the nine SCID hybrid-
omas, which are all negative in DC–PCR analyses, do
not show recombination within the Ce locus. This con-
firms the previous conclusion that the SCID pre-B cells
rarely, if ever, show any Sm–Se switch recombination.
Discussion
In this paper, we have analyzed the susceptibility of in
vitro grown, as well as ex vivo sorted, precursor B cells
from normal, RAG-2T, and SCID mice to stimulation by
a murine CD40–specific MAb and IL-4. From the results
presented here several conclusions can be drawn.
First, differentiation of ex vivo isolatedor invitro prolif-
erating B lineage precursors leading to the expression
of a mature B cell marker (CD23) and the induction of
(sterile) transcription of the eH chain gene locus can be
achieved by the cooperative activating action of CD40-
specific MAb and IL-4, without the necessity for expres-
sion of immunoglobulin and the RAG-2 gene product,
and this is also independent of the SCID mutation. Sec-
ond, Sm–Se switch recombination can be induced in H
chain gene loci that are in V(D)J-nonrearranged, germ-
line configuration. Hence, switch recombination does
Figure 5. Switch Recombination to eH in Ex Vivo Isolated Normal, not require RAG-2 gene activities. Third, efficient Sm–Se
RAG-2T, and SCID Pre-B Cells Cultured in the Presence of Anti-
switch recombination requires the DNA-PK that is asso-CD40 and IL-4 for 6 Days
ciated with the murine SCID defect.For details see legend of Figure 4.
Although it is not the topic of this paper, we have also
found switching to other immunoglobulin classes, in
particular to IgG1 (unpublished data). Obviously, duringdifferentiation of B lineage cells to CD23-positive cells differentiation of B lineage cells from progenitors and
that transcribe the eH chain locus. However, Sm–Se precursors, CD40 and IL-4 receptors have to be ex-
switch recombination is severely affected, indicating a pressed and be functional before the costimulatory ac-
crucial role in this process for the DNA-PK associated tion of CD40-specific MAb and IL-4 can set in motion
with the murine SCID mutation. those processes that finally lead to Sm–Se class switch-
ing. We have not yet determined in sufficient detail or
Sm–Se Switching in Hybridomas quantitated the kinetics by which RNA and protein of
The IL-7-dependent pre-B cell lines from normal BDF1 these two receptors are expressed while B lineage cells
mice, as well as from RAG-2T and SCID mice, were are differentiating. It is, however, likely that the original
treated with anti-CD40 and IL-4 for 6 days and then target cell appearing during this differentiation is not
fused with the Sp2/0 cell line to generate hybridomas. (yet) the one that is found as mature B cell in spleen.
We assayed 48 randomly selected hybridomas from This is based on the findings that spleen cells give rise
such a fusion with normal BDF1 and RAG-2T pre-B cells, to germline H chain gene e transcription when re-
as well as 25 hybridomas from fusions with SCID pre-B sponding to IL-4 alone and proliferate when responding
cells, for the presence of Sm–Se-switched H chain gene to anti-CD40/IL-4, while most B lineage cells differentiat-
loci with the DC–PCR assay described above. ing from pre-B cells in our experiments do not possess
these features.Approximately half of the hybridomas from normal
Immunity
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Figure 6. Sm–Se Switch Recombination in
Normal and RAG-2T, but Not SCID, Pre-B
Cells
(A) Switch recombination to eH in normal and
RAG-2T bcl-2 transgenic pre-B cells cultured
in the presence of anti-CD40 and IL-4. The
pre-B cell lines described in Figures 1–3 were
cultured for 6 days in the presence of anti-
CD40 and IL-4. Cells were harvested and
fused with the Sp2/0 cell line to generate hy-
bridomas. The DC–PCR for switch recombi-
nation to eH was performed on 50 ng of geno-
mic DNA of these hybridomas. The DC–PCR
products (upper part) were Southern blotted
and probed with an internal oligonucleotide
from the membrane exon region as described
by Xu and Rothman (1994). A product of 550
bp is expected from this nested DC–PCR re-
action (indicated by the arrow).
(B) Southern blot analyses of DNA from the
hybridomas in (A) and their controls. Approxi-
mately 10 mg of genomic DNA was digested with EcoRI, subjected to gel electrophoresis on a 0.8% agarose gel, and transferred to a nylon
filter as described in Rolink et al. (1991). The filter was hybridized with a 32P-labeled Ce probe. Lanes 1, 6, and 10, Sp2/0 fusion partner control
DNA; lane 2, DNA from IL-7-growing normal pre-B cell line; lanes 3–5, DNA from DC–PCR-positive normal hybridomas (corresponding to 2–4
in [A]); lane 7, DNA from IL-7-growing RAG-2T pre-B cell line; lanes 8 and 9, DNA from DC–PCR-positive RAG-2T hybridomas (1 and 6 in [A]);
lane 11, DNA from IL-7-growing SCID pre-B cell line; lanes 12–21, DNA from SCID hybridomas.
Only 5%–10% of the Sm–Se-switched hybridomas It is currently believed that Sm–Se switch recombina-
tions are individually controlled by cis elements aroundalso secreted IgE that was detectable in ELISA assays,
while none of the RAG-2T hybridomas with switched H or upstream of the enhancer of the mH chain (Em), as
well as by I region exons, and that these controls arechain loci did (data not shown). This is expected for
the RAG-2T-derived hybridomas, since they are V(D)J separate for the different switch recombinations. It is
thought that the induction of the isotype switch recombi-rearrangement deficient and thus cannot make any IgH
chain or L chain. This might also be expected for the nation is preceded by transcriptional activation of the H
chain gene, which is thereby targeted for recombinationhybridomas from normal pre-B cells, since a large part
of the V(D)J rearrangements in H and L chain loci of in (Blackwell et al., 1986; Stavnezer-Nordgren and Sirlin,
1986; Yancopoulos et al., 1986; Lutzger et al., 1988;vitro differentiating pre-B cells rearrange these loci out
of frame (Rolink et al., 1991). Hence, at least some of Berton et al., 1989; Sideras et al., 1989; Esser and Rad-
bruch, 1990; Bottaro et al., 1994; Jumper et al., 1994).all Sm–Se-switched pre-B-derived cells from normal
mice are capable of producing and secreting IgE. Most The germline transcripts start 59 of the S region later to
be involved in switch recombination and include one orof the sIgE found on these cells (Figures 1 and 2), how-
ever, appears to be acquired by cytophilic attachment. several I exons and the C region encoding exons of
the H chain gene. Gene targeting mutation experimentsCastigli et al. (1996) have found that only RAG-2-defi-
cient precursor B cells that express the bcl-2 proto- have shown for the g1 and g2b H chain locus of mouse
that the Ig1 or g2b exons and their promotors are manda-oncogene are capable of being stimulated via CD40 and
IL-4. However, it is evident from our experiments that tory for class switching to the corresponding genes
(Jung et al., 1993; Zhang et al., 1993). Targeted replace-RAG-2 precursors from non-bcl-2 transgenic mice are
susceptible to these signals. The most likely explanation ment of the Ie-region by a B cell–specific promoter cas-
sette containing the Em intronic enhancer and a VH pro-for this discrepancy is the fact that we used a MAb
against CD40, while Castigli and colleagues used a solu- moter allows baseline transcription of the eH chain locus
and reduces, butdoes not abolish, Sm–Se switch recom-ble form of the CD40 ligand to stimulate the cells. It is
our experience (unpublished data) that the anti-CD40 bination (Xu et al., 1993; Bottaro et al., 1994). Hence, an
optimal efficiency of switch recombination requires theMAb is much more efficient in stimulating precursor and
mature B cells than the soluble form of the CD40 ligand. presence of the I region. Targeted deletion of the JH
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Cell Lines and Cell Cultureregion and the intronic Em enhancer in mice results in
Stromal cell/IL-7-dependent pre-B cell lines and clones were ob-a suppression of switch recombination involving the Sm
tained from day 16 fetal liver or from 4- to 6-week-old bone marrowregion (Gu et al., 1993). Since Sm–Se switch recombina-
as described previously (Rolink et al., 1991). They were maintained
tion can occur with similar efficiency in V(D)J-rearranged on a semiconfluent layer of g-irradiated (2000 rad) ST-2 stromal cells
and V(D)J-nonrearranged H chain gene loci, it is reason- (Ogawa et al., 1988) (a gift of Dr. S. I. Nishikawa, University of Kyoto,
Japan) in IMDM medium (GIBCO BRL, Gaithersburg, MD), containingable to conclude that elements upstream of VH regions
5 3 1025 M 2-mercaptoethanol, 13 nonessential aminoacids (GIBCOdo not contribute to switch recombination.
BRL), 0.03% primatone (Quest International, Naarden, The Nether-We have shown in this paper that transcription of the
lands), 2% FCS, and 100–200 U of recombinant IL-7, which was
eH chain locus, though sterile, is in intensity within a
added as a conditioned supernatant obtained from J558 cells
factorof 2–3 inanti-CD40/IL-4-induced precursor B cells transfected with an IL-7 expression vector (the cell line was a gift
from normal, RAG-2T, and SCID mice. Sm–Se recombi- of Dr. Thomas H. Winkler (Basel Institute for Immunology).
ST-2 stromal cells were grown in the same IMDM-based medium,nation is, however, at least 100-fold lower in SCID than
but without IL-7. For the induction of in vitro differentiation, pre-Bin normal or RAG-2T cells. It has been speculated that
cells growing on stromal cells and IL-7 were removed from thethe SCID-associated DNA-PK could have a role in DNA
feeder cell layer, washed three times with medium containing nodamage recognition or in the coordination of the use
IL-7, and cultured for 6–7 days at 1 3 106 to 2 3 106 cells per milliliter
of DNA segments as templates for different enzymes, on g-irradiated stromal cells in medium without IL-7. Cultures were
including those involved in transcription, replication,and set up in parallel with medium alone, anti-CD40 (FGK45.5), or anti-
CD40 together with recombinant mouse IL-4 (100 U/ml) obtainedrepair. Furthermore, DNA-PK could be a G1 checkpoint
from an X63 transfectant produced in our laboratory as describedmodulator within the cell cycle (reviewed by Andersson,
previously (Karasuyama and Melchers, 1988). All cells were grown1993).
in a humidified incubator at 378C in the presence of 10% CO2.Since our pre-B cells from all strains of mice do not
enter division at appreciable rates within the 6 day cul- Production of Anti-Mouse CD40 MAbs
ture period in anti-CD40 and IL-4, any possible role of A fusion protein composed of the extracellular portion of murine
DNA-PK as a G1 checkpoint modulator appears at least CD40 and human Cg1 was produced by Dr. Peter Lane at this
institute as described previously (Lane et al., 1993). This was usednot mandatory for Sm–Se switching. Since SCID pre-B-
to immunize Lewis rats, from which hybridomas were producedderived cells transcribe the eH chain locus in intensities
after fusion of immune lymph nodes to X63-Ag8.653 using standardabout 2- to 3-fold lower than those of normal and RAG-
procedures. One hybridoma was selected for producing antibodies
2T pre-B cells, a specific control function of the tran- specific for the CD40 part of the fusion protein in the enzyme-linked
scription of this locus by DNA-PK cannot be completely immunosorbent assay (ELISA) and for surface staining the mature
ruled out. This also shows that eH chain transcription splenic B cells of normal mice, but not the mature splenic B cells
from CD40T mice.might be necessary, but is not sufficient, for switch re-
This hybridoma, FGK45, produces an IgG(k). MAb FGK45 wascombination.Our experiments, however, clearly indicate
purified on protein G–Sepharose (Pharmacia, Uppsala, Sweden)a mandatory function of DNA-PK in the processof Sm–Se
from culture supernatants according to the instructions of the sup-
switch recombination. plier. Purified MAb was used in FACS analyses after labeling with
Since differentiating precursor B cells can be stimu- FITC or biotin using standard procedures. The MAbalone was found
lated all the way to immunoglobulin isotype gene tran- to induce homeotypic adhesion and strong proliferation of spleen
cells from both normal (BDF1) and athymic nu/nu mice at concentra-scription and switch recombination, our in vitro pre-B
tions between 0.5 and 50 mg/ml. The kinetics and magnitude of theto B cell differentiation system can be used with cells
proliferative responses were comparable with those induced byof many different mutant mice to study in vitro the influ-
LPS. Costimulation of spleen cells by FGK45 together with IL-4
ence of B cell activators, cytokines, and cell–cell interac- (100 U/ml) or anti-d (MAb 1.19; Parkhouse et al., 1992) at 1 mg/ml
tion molecules on these processes and on the efficiency increased proliferation approximately 2-fold. As expected, addition
of immunoglobulin isotype production and secretion. It of FGK45 to spleen cells of CD40T mice showed no increased prolif-
eration.may also help to define target(s) of DNA-PK action in
the process of switch recombination.
Preparation of Bone Marrow Cells and Culture
Bone marrow cells were prepared by flushing the femur with IMDM
containing 2% FCS using a 24-gauge needle. After washing, theExperimental Procedures
cells they were surface stained with FITC-labeled 1D3 (anti-CD19;
Krop et al., 1996; Rolink et al., 1996) and biotin-labeled ACK4 (anti-Mice
c-kit; Ogawa et al., 1991), revealed by phycoerythrin (PE)-labeledNormal (C57Bl/6 3 DBA/2)F1 (BDF1) and C57Bl/6 nu/nu mice at 4–6
streptavidin, and subsequently sorted for double positive cells usingweeks of age were purchased from Biological Research Labora-
a FACStar PLUS (Becton Dickinson, Sunnyvale, CA). Sorted cellstories, Ltd. (Fu¨llinsdorf, Switzerland). Homozygous RAG-2T mice
were cultured as described above for pre-B cell lines.(Shinkai et al., 1992) were originally obtained as breeding pairs from
Dr. Fred Alt (The Children’s Hospital, Howard Hughes Medical Insti-
tute, Boston, MA) and were bred under pathogen-free conditions Antibodies
The FITC- and PE-labeled MAb RA3 6B2 (anti-CD45R, B220), theat the Basel Institute for Immunology. Homozygous CB.17 SCID
mice were originally obtained from Dr. M. Bosma (Fox Chase Cancer biotin-conjugated MAb B3B4 (anti-CD23, IgE Fc receptor), and R35-
92 (anti-IgE, eH chain specific) were all obtained from PharmingenCenter, Philadelphia, PA) and were also bred under pathogen-free
conditions at the Basel Institute for Immunology. Em–bcl-2 (San Diego, CA). The MAbs ACK4 (anti-c-kit; Ogawa et al., 1991),
1D3 (anti-CD19; Rolink et al., 1996), M41 (anti-m; Leptin, 1985), 187.1transgenic mice (Strasser et al., 1991) were obtained from Dr. An-
dreas Strasser (Walter and Eliza Hall Institute, Melbourne, Australia) (anti–kL chain; Yelton et al., 1981), and M5-114 (anti–MHC class II;
Bhattacharya et al., 1981) are IgG of rat origin and were purified fromand bred onto the RAG-2T and the SCID background at the Basel
Institute for Immunology as described previously (Grawunder et al., hybridoma culture supernatants on protein G–Sepharose columns
(Pharmacia) as recommended by the supplier. Purified MAbs were1995). CD40T mice (Kawabe et al., 1994) were obtained from Dr. H.
Kikutani (University of Osaka, Japan) and were bred in our own conjugated with FITC, PE, or biotin according to standard proto-
cols. FITC-conjugated goat anti–mouse IgM and streptavidin–PEanimal facilities at the Basel Institute for Immunology.
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were purchased from Southern Biotechnology Associates (Bir- D., and Spriggs, M.K. (1992a). Molecularand biological characteriza-
tion of a murine ligand for CD40. Nature 357, 80–82.mingham, AL).
Armitage, R.J., Sato, T.A., Macduff, B.M., Clifford, K.N., Alpert, A.R.,
Flow Cytometry Smith, C.A., and Fanslow, W.C. (1992b). Identification of a source
Flow cytometric analyses were performed as described before (Rol- of biologically active CD40 ligand. Eur. J. Immunol. 22, 2071–2076.
ink et al., 1991). In brief, single cell suspensions in FACS buffer (PBS Armitage, R.J., Macduff, B.M., Spriggs, M.K., and Fanslow, W.C.
containing 1% FCS and 0.1% sodium azide) of bone marrow and
(1993). Human B cell proliferation and Ig secretion induced by re-
spleen were double stained with FITC-labeled anti-B220 and other
combinant CD40 ligand are modulated by soluble cytokines. J. Im-
biotin-labeled MAbs for 1 hr at 48C. After washing, the biotin-labeled
munol. 150, 3671–3680.
MAbs were revealed by incubation for 30 min with streptavidin–PE.
Banchereau, J., de Paoli, P., Valle, A., Garcia, E., and Rousset, F.Stained cells were resuspended in FACS buffer containing 1 mg/ml
(1991). Long-term human B cell lines dependent on interleukin-4propidium iodide (Sigma, St. Louis, MO) so that dead cells could
and antibody to CD40. Science 251, 70–72.be excluded from analysis by gating in FL3. Analyses were per-
formed on a FACScan (Becton Dickinson) interfaced to a Hewlett– Barrett, T.B., Shu, G., and Clark, E.A. (1991). CD40 signaling acti-
Packard computer (HP900) using the FACScan research software vates CD11a/CD18 (LFA-1)-mediated adhesion in B cells. J. Immu-
programs. nol. 146, 1722–1729.
Berberich, I., Shu, G.L., and Clark, E.A. (1994). Cross-linking CD40
Preparation of RNA and Blot Hybridization on B cells rapidly activates nuclear factor kB. J. Immunol. 153,
Total cellular RNA was prepared according to the acid guanidinium– 4357–4366.
thiocyanate method (Chomczynski and Sacchi, 1987), and Northern
Berton, M.T., Uhr, J.W., and Vitetta, E.S. (1989). Synthesis of germ-blot analysis was performed as described previously (Grawunder et
line g1 immunoglobulin heavy-chain transcript in resting B cells:al., 1993; Rolink et al., 1993). In brief, 15 mg of total RNA per lane
induction by interleukin 4 and inhibition by interferon g. Proc. Natl.was analyzed for the expression of eH chain mRNAs. The same
Acad. Sci. USA 86, 2829–2833.blots were hybridized to the indicated probes (b-actin served as a
Bhattacharya, A., Dorf, M.E., and Springer, T.A. (1981). A sharedcontrol for RNA loading), which were derived from the following
alloantigenic determinant on Ia antigens encoded by the I-A and I-Econstructs: Ce-specific probe, a genomic SacI fragment with the
subregions: evidence for I region gene duplication. J. Immunol. 127,entire Ce gene and part of the 39 flanking region (Bottaro et al., 1994);
2488–2495.b-actin probe, a 522 bp fragment (positions 220–742 of GenBank
sequence MUSACTBR). This probe was cloned by PCR into Blackwell, T.K., Moore, M.W., Yancopoulos, G.D., Suh, H., Lutzker,
M13mp19, and the insert was verified by sequencing. M13 DNA S., Selsing, E., and Alt, F.W. (1986). Recombination between immu-
was isolated as single-stranded DNA, which was labeled by primer noglobulin variable region gene segments is enhanced by transcrip-
extension. tion. Nature 324, 585–589.
Blunt, T., Finnie, N.J., Taccioli, G.E., Smith, G.C.M., Demengeot, J.,
DC–PCR Gottlieb, T.M., Mizuta, R., Varghese, A.J., Alt, F.W., Jeggo, P.A.,
Genomic DNA was prepared from 2 3 105 cells using the supplied and Jackson, S.P. (1995). Defective DNA-dependent protein kinase
protocol number 2 of the Easy DNA kit from Invitrogen (NV Leek, activity is linked to V(D)J recombination and DNA repair defects
The Netherlands). We digested 1 mg of genomic DNA in 40 ml to associated with the murine scid mutation. Cell 80, 813–823.
completion with EcoRI, followed by religation of 250 ng in 50 ml.
Bosma, G.C., Custer, R.P., and Bosma, M.J. (1983). A severe com-Primers and PCR reactions used for amplifying Sm–Se switch recom-
bined immunodeficiency mutation in the mouse. Nature 301, 527–bination regions, as well as the control carboxy-peptidase A gene,
530.were exactly as described by Xu and Rothman (1994). For the semi-
quantitative DC–PCR reaction, the amount of DNA was kept con- Bottaro, A., Lansford, R., Xu, L., Zhang, J., Rothman, P., and Alt,
stant at 50 ng by diluting the sample DNA in genomic 3T3 fibro- F.W. (1994). S region transcription per se promotes basal IgE class
blast DNA. switch recombination but additional factors regulate the efficiency
of the process. EMBO J. 13, 665–674.
Southern Blot Analyses Castigli, E., Young, F., Carossino, A.M., Alt, F.W., and Geha, R.S.
Southern blot analyses on high molecular mass DNA extracted from (1996). CD40 expression and function in murine B cell ontogeny.
hybridomas and control cell lines and digested with EcoRI were Int. Immunol. 8, 405–411.
performed as described previously (Rolink et al., 1991). The filters
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